CARDIOVASCULAR RESPONSES TO HYPOXEMIA AND ACIDEMIA
ments were injected through the catheter using a carefully calibrated syringe. Dye concentration curves were obtained from the abdominal aorta. The blood was withdrawn through a Colson densitometer at a flow rate of 15.3 or 19.4 ml/min., employing a Harvard constant infusion-withdrawal pump. A total of 12 to 20 ml. of blood was withdrawn during the course of the indicator dilution curve. This was immediately returned to the circulation. The indicator dilution curve was recorded, and the area of the curve was simultaneously computed with a Sanborn Cardiac Output Computer. This instrument had been validated by manual calculations of curves integrated by the computer.7 Calibration of the computer was accomplished by obtaining calibration points at 0, 3, and 6 mg/liter dye concentration. Approximately 50 ml. of blood was required for calibration. This was obtained by thoroughly mixing 50 ml. of maternal sheep blood with the circulation of the lamb, by repeated infusion and withdrawal of 10 ml. quantities using a 50 ml. syringe connected to a femoral artery catheter.
The pressures, heart rate, and indicator dilution curves were recorded on a Sanborn 358 direct writing recorder. Continuous measurement of rectal temperature was made with a Yellow Springs telethermometer and suitable probe. Alteration of arterial Po2 RESPIRATOR RECORDER *.l. .. ** 0 0 0 0
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FrG. 1. Preparation for measurement of cardiovascular responses to hypoxemia and metabolic acidemia in the intact anesthetized lamb. Indocyanine green dye injected into or near the right atrium (INJ); blood withdrawn through densitometer from abdominal aorta sampling site. Output of the densitometer displayed on a direct writing recorder and the area of the indicator dilution curve simultaneously estimated with a Sanborn computer. See text for further description of preparation. was accomplished using the gas mixing device indicated in Figure 1 . Arterial pH was reduced by infusion of one normal lactic acid (.25 to 1 ml/kg/min.) with a Harvard constant infusion pump. Correction of low arterial pH was accomplished with sodium bicarbonate infused in a similar manner. Determinations of arterial pH, P02, and Pco2 were made with an Instrumentation Laboratories blood gas analyzer. Frequent determinations of hematocrit were made using a micro hematocrit system.
All of the estimates of intravascular pressure and systemic blood flow were obtained on two to four occasions, generally in triplicate. Following termination of the experiments the animals were autopsied to confirm catheter position and to determine patency of the ductus arteriosus and foramen ovale. The initial pressure and systemic flow data are plotted in relation to age in Figure 2 . There was little evidence for an important change in any of of the parameters after the first 24 hours. Initial arterial pressure of the youngest lamb (49 mm Hg) was much lower than the mean value of the others (88 mm Hg). One animal (14 days) had an unexpectedly low initial arterial pressure (60 mm Hg). This may have been related to concomitant metabolic acidosis (pH 7.26, Pco 31 mm Hg). One animal showed an unexpectedly low systemic flow (87 ml/kg/min.) and a high systemic resistance (226 mm Hg/L/min.). This persisted throughout 45 indicator dilution curves. It is of interest that transfusion of 100 ml. of maternal sheep blood increased systemic flow of this animal from 74 to 193 ml/kg/min. Immediately after obtaining initial control values, positive pressure ventilation was instituted with a Harvard constant volume variable speed respiratory pump. The tidal volume was generally set at 80 to 100 ml. with a stroke frequency of 12 to 20/min, as indicated by the Pco . The influence of positive pressure ventilation upon the circulatory and metabolic variables which were studied were examined after approximately 10 minutes of equilibration. The data for the mean values are shown in Table 1 . It can be seen that the changes were limited to a slight fall of pH and a slightly lower mean aortic pressure. The remaining variables including Po, Pco0, heart rate, and systemic blood flow were virtually unchanged.
RESULTS

Data
Circulatory responses to hypoxia
Reduction of arterial Po to 20-30 mm Hg usually resulted in an increase in heart rate and systemic blood flow when the pH was not severely reduced. The responses to hypoxia and to reoxygenation observed in each lamb are shown in Table 2 . The heart rate responses in most of the animals were quite large. The average of 41 tests showed an increase of heart rate of 62 beats/min (+ 1.41 SE). The average of the largest increase for each of 13 animals was 81 beats/min (range: 20-220). There was a large variation in the magnitude of the response which did not appear related to the age of the animal ( Table 2 ).
Most of the lambs showed an increase of systemic flow during hypoxia ( Table 2) . One animal 3 days of age (# 29) manifested no increase. An animal one day of age (# 27) and one four days old (# 19) also showed little change. The remaining 10 animals responded with a variable and occasionally large increase of systemic blood flow. The average values for all of the tests indicated an increase of 30.6 ml/kg/min. (+ 6.55 SE). The average value of the largest increase elicited from each animal was 60 ml/ kg/min. (range: 3-151).
There was no clear correlation between the magnitude of the tachycardia response to hypoxia and the observed change in systemic blood flow ( Table  2 ). For example in the animal 3 hours of age a rate increase of only 29 beats/min. was associated with an increase of systemic flow of 90 ml/kg/ min. On the other hand an animal one day of age (# 27) manifested a 94 beat/min. rate increase, but no increase of systemic flow.
An example of the response pattern commonly observed in a given individual animal is plotted in Figure 3 . In the first test a large tachycardia was associated with an increase of systemic blood flow. In the second test the tachycardia response was nearly as great, but systemic flow failed to increase. In the remaining four tests, following a period of acidemia and correction with NaHCO3, each episode of hypoxia was associated with a tachycardia and increased systemic flow. Thus, for a given animal each episode of hypoxia was usually associated with a tachycardia response ( Fig. 6 , Table 2 ). The increase of systemic blood flow with hypoxia was less consistent and bore no clear relationship to the presence or magnitude of the tachycardia response. in a lamb one day of age. During the break in continuity the animal was made acidemic by lactic acid infusion and three tests with hypoxia were performed. Sodium bicarbonate (NaHCOa-arrow) was then infused and the pH returned to near control levels. The hypoxic tests were then repeated at the pH values indicated.
Circulatory responses to acidemia
Studies were made immediately before and immediately after the production of severe lactic acidemia by slow infusion of lactic acid in six lambs. Shown in Figure 4 are the mean values for aortic pressure, heart rate, systemic blood flow, and systemic vascular resistance when the average pH was 7.35. These values are compared with those obtained after the pH 302 Volume 40, February, 1968 Hypoxemia, acidemia itt the lamb D had been lowered to 7.12 (average). The mean arterial Po was 68 mm Hg. There was no change of Po of significance following-the induction. of lactic acidemia. It is of interest that the aortic pressure did not fall. The heart rate increased somewhat, from 243 to 261 beats/min. Of particular interest was the observed increase of systemic blood flow from 201 to 242 ml/kg/ min. Calculated systemic vascular resistance decreased from 74 to 59 mm Hg/L/min. The average initial systemic blood flow obtained at the beginning of each experiment was 198 (+ 13 SE) ml/kg/min. The mean value immediately prior to lactic acid infusion was virtually unchanged (201 ml/kg/min.). Lactic acidemia was associated with a 41 ml/kg/min. increase of systemic blood flow. Circulatory responses to hypoxemia during acidemia A comparison of the circulatory responses to hypoxia prior to and during acidemia is shown for a representative animal 2 days of age in Figure 5 .
With the arterial pH in the normal range, reducing the PO to approximately 30 mm Hg was associated with a large reversible increase of both heart rate and systemic blood flow. Following lactic infusion both the control heart rate and control systemic blood flow were substantially greater than prior to lactic acid infusion. Although hypoxia produced a substantial further increase in heart rate, there was no further increase of systemic blood flow.
The largest changes of systemic flow observed in 13 lambs in response to hypoxemia during normal pH values and during severe metabolic acidemia are summarized in Figure 6 17) . During acidemia (pH 7.06) a similar reduction of PO was associated with a small average increase of aortic pressure (8 mm Hg-range: -15 to 20). The heart rate response was substantially less during acidemia (15 beats/min.; range: -34 to 43) than was observed under conditions of normal pH (60 beats/min.; range: 13 to 120). Whereas the increase of systemic blood flow was 60 ml/kg/min. (range: 3 to 151) in response to hypoxia with a normal pH, during acidemia this was only 12 ml/kg/min. (range: -13 to 78). Calculated systemic vascular resistance was somewhat less (-12.8 mm Hg/L/min.) during hypoxemia when the pH was normal. Constrastingly, there was an increase of systemic vascular resistance of 19.5 mm Hg/L/min. in response to a similar reduction of arterial PO during metabolic acidemia. Although this study was primarily designed to examine the acute responses to hypoxia (5 to 10 min. duration), it was possible to demonstrate that sustained hypoxia was associated with a sustained elevation of cardiac output until the appearance of severe metabolic acidosis. This is illustrated in Figure 7 in which a reduction of arterial PO from 72 mm Hg to 33 mm Hg was associated with an increase of systemic blood flow from 850 to 1,200 ml/min. Systemic flow remained well above control values for 35 minutes. During this period there was a progressive fall of arterial pH. When pH reached 7.06, systemic flow returned to its original value of 850 ml/min. Resumption of room air ventilation (second arrow) was followed by a large increase of flow to 1,600 ml/min. In addition aortic pressure, which had fallen substantially, rose from 70 to 95 mm Hg. The arterial pH at this time was 7.02. The elevation of arterial pressure and systemic blood flow under conditions of severe endogenous metabolic acidosis in the presence of Hypoxemia, acidemia in the lamb D normal oxygenation is consistent with the findings associated with exogenous lactic acid infusion. Circulatory responses to transfusion The change of systemic blood flow following one or more transfusions of maternal sheep blood was studied in eight lambs. In all animals transfusion was associated with a prompt increase of systemic flow. These findings are shown in Figure 8 . For a given animal the greater the amount that was transfused the greater was the increase of systemic flow. From the available data there was no clear relationship between the amount of blood transfused and the magnitude of the increase of flow from one animal to the next. For the group, a transfusion of 10 ml/kg. produced an average increase of 88 ml/kg/min. of systemic flow. The range was large however (36 to 152 ml/kg/min.).
DISCUSSION
Systemic blood flow in the newborn lamb
With the exception of one lamb 3 days of age with an unaccountably low systemic blood flow (87 ml/kg/min. DOWNING., ROCAMORA after anesthesia during spontaneous respiration was surprisingly narrow (166 to 246 ml/kg/min.). As might be expected the largest value was in the youngest lamb (Fig. 2) . The mean value for systemic flow obtained under these conditions was 198.1 + 13.0 SE ml/kg/min. This is identical to the value reported by Assali and coworkers' for the term fetus prior to lung expansion (198 ml/kg/min.). The findings reported by Mahon and coworkers would suggest a somewhat greater systemic blood flow.' Thus the mean left ventricular output reported by this group was 181.7 ml/kg/ min., and to this must be added the volume of blood flow per minute through the ductus arteriosus. From Assali's data this is approximately 101 ml/kg/ min.' It should be noted, however, that there is a large discrepancy between the left ventricular output values reported by Assali and coworkers (97 ml/kg/min.), and Mahon, et al. (181.7 ml/kg/min.). As pointed out by Assali, et al. the electromagnetic flow probe placed at the root of the aorta failed to measure that portion of left ventricular output which was diverted to the coronary circulation. This could account for only a small fraction of the discrepancy, however. Two additional technical features of the preparations employed by these authors may be considered. Placement of an electromagnetic flow probe at the root of the aorta will occasionally lead to partial obstruction of this vessel with an associated increase of left ventricular end-diastolic pressure and left atrial pressure. This could have the effect of diminishing the magnitude of the right-to-left shunt across the foramen ovale. The second consideration is that placement of a sampling catheter in the ductus arteriosus9 may have introduced a significant element of obstruction to flow through the ductus. This might then have led to partial redistribution of flow, with a relatively greater magnitude of flow from right to left through the foramen ovale.
The values reported by Cross and coworkers' for cardiac output in lambs from a few hours to 12 days of age are apparently somewhat higher than we have found. The range is also greater than we have observed (approximately 150 to 600 ml/kg/min.) under conditions of normal pH and PO 2. In addition these workers have concluded that there is a large increase of systemic blood flow at birth. While this certainly may be true for the first few hours following birth, the present data would suggest that systemic flow is not substantially greater after the first day of life than in the term fetus. It is also of interest that systemic flow is considerably less 30 minutes after lung expansion.8
In view of the confirmed anatomical patency of both the ductus arteriosus and foramen ovale in all of the lambs five days of age or younger, it is necessary to consider that central shunts may be present in some of these animals, 308 Volume 4a. February, 1968 Hypaxemia, acidemia in the lamb I DOWNING, ROCAMORA especially during severe hypoxemia. A consideration of the effect which these shunts may have upon the indicator dilution curve is therefore in order.
Most of the lambs showed little or no evidence for a right-to-left shunt through the foramen ovale as manifested by an early peak followed by the major portion of the curve.' When present it was generally small and ephemeral, and apparently did not alter the total area of the curve, and hence the calculation of systemic flow. In one animal the injection catheter was inadvertently placed through the foramen ovale. This was evidenced by a very early and peaked curve. The catheter was repositioned in the right atrium (confirmed by autopsy) and curves with the expected height and configuration were obtained. It is of interest that the computed area of these curves were not different and that calculated systemic flow was unchanged.
A more complicated problem is the possibility that a left-to-right shunt through the ductus arteriosus was present in some of the younger lambs, especially during hypoxia. It has been shown, however, that the presence of a central left-to-right shunt, while altering the shape of the curve, does not alter its area.' This was demonstrated by analog computer analysis and by the findings with dogs in which large aorta to pulmonary shunts were created surgically. Thus with right atrial injection, indicator dilution curves obtained from the aorta will measure total systemic blood flow, and will not measure any central left-to-right shunt that may be present.'
Cardiovascular responses to hypoxemia and acidemia
In the adult dog systemic arterial pressure usually does not fall during ventilation with low oxygen mixtureseand there is little change of cardiac output until arterial 02 saturation falls below 60%o.`" In adult sheep when arterial oxygen saturation is diminished to less than 40%, there is a progressive increase of cardiac output which is very large.' Contrastingly, only 4 of 10 lambs ranging in age from 4 hours to 60 days showed an increase of cardiac output with hypoxia.1 Of the 13 lambs subjected to hypoxia in the present study, three failed to show an increase of systemic flow. In the remaining 10 animals the largest increases in flow ranged from 31 to 151 ml/kg/min. (average, 65 ml/kg/min.).
The reasons for this apparent discrepancy may be manifold. With the animals reported in the present study lactic acidemia was associated with an increase of systemic blood flow, and no further increment was observed in response to hypoxia under these conditions. It is of interest that the findings of Cross and coworkerse indicated a large increase of blood lactate as the oxygen content of the inspired air was reduced in a step-wise man-ner. The present study suggests that this in itself might have contributed to an enhanced systemic blood flow (Fig. 5) . Finally, the magnitude of the systemic flow change rarely exceeded a 30% increase during hypoxia. This is apparently substantially less than has been observed in adult sheep,1 and the smaller changes may be difficult to measure by the Fick method.
In the intact anesthetized lamb systemic hypoxia under conditions of normal pH was not associated with a fall of arterial pressure. During acidemia the same degree of hypoxia was associated with a slight increase of aortic pressure and an increase of calculated systemic vascular resistance (Fig. 6 ). Most animals showed a large tachycardia which was somewhat attenuated by the coexistence of acidemia. These findings are generally consistent with those of Cross, et al.' In the present studies there appeared to be no direct correlation between the magnitude of the tachycardia response and the increase of systemic blood flow. A large tachycardia response was frequently observed in the absence of a change of flow, particularly in the presence of acidemia (Fig.  5 ). Occasionally a substantial increase of systemic flow was observed in the absence of a significant change of heart rate. In general, however, an increase of flow was accompanied by a tachycardia ( Table 2) .
A dissociation in the magnitude of heart rate and systemic blood flow changes is not surprising when it is recognized that several variables must contribute to the latter. These include total systemic resistance, the tone of the capacitance vessels (systemic veins), and possibly the magnitude of any central shunts that might be present in some of the younger lambs. These factors themselves may well be influenced by multiple neural and hormonal mechanisms. A final factor to be considered is the contractility of the myocardium. The direct effect of hypoxemia, particularly in the presence of acidemia, is to depress the contractility of the myocardium."6 On the other hand, in the presence of increased sympathetic activity which may be associated with hypoxia, the contractility of the myocardium may be substantially enhanced."7 In view of the large number of interrelating variables it might be expected that there would be no close correlation between a change of heart rate and a change of cardiac output or systemic blood flow. SUMMARY Cardiovascular responses to hypoxia and metabolic acidemia were studied in intact anesthetized lambs, 3 hours to 14 days of age. Aortic and central venous pressures, and heart rate were continuously recorded. Estimates of systemic blood flow were obtained from 794 indicator dilution curves, with injection of indocyanine green dye into or near the right atrium and sampliing from the abdominal aorta. These measurements together with 310 Volume 40, February, 1968 Hypoxenia, acidemia in the lamb DOWNING, ROCAMORA arterial Po2, Pco2 and pH were obtained under conditions of spontanieous ventilation, and during positive pressure ventilation with normal and low oxygen mixtures. The effect of lactic acidemia was also examined. With spontaneous breathing mean aortic pressure was 85 (± 4.7 SE) mm Hg, heart rate 256 (± 10.5 SE) beats/min., and systemic blood flow 198 (± 13 SE) ml/kg/min. Positive pressure ventilation induced only negligible changes. The average of the largest responses to hypoxia was an 81 beat/min. increase of heart rate and 60 ml/kg/min. increase of systemic blood flow. During acidemia the heart rate response to hypoxia was diminished (20 beats/min.) and the systemic blood flow usually failed to increase. Lactic acidemia produced a small tachycardia and a substantial increase of systemic blood flow (41 ml/kg/min.). Transfusion of maternal sheep blood always produced an increase of systemic blood flow which averaged 88 ml/kg/min. for each 10 ml/kg. transfused.
